In this article, we present a study of high-energy neutrino emission in gravitational collapse. A compact star is treated as a complete degenerate Fermi gas of neutrons, protons and electrons. In gravitational collapse, its density reaches the thresholds for muon and pion productions, leading to high-energy neutrinos production. By using adiabatic approximation that macroscopic collapsing processes are much slower than microscopic processes of particle interactions, we adopt equilibrium equations of microscopic processes to obtain the number of neutrino productions. Assuming 10% of variation in gravitational binding energy converted to the energy of produced neutrinos, we obtain fluxes of 10 MeV electron-neutrinos and GeV electron and muon neutrinos. In addition, we compute the ratio (< 1) of total muon neutrino number to the total electron neutrino number at the source and at the Earth considering neutrino oscillations. We approximately obtain the number of GeV antineutrino events ( 1) in an ordinary detector such as Kamiokande and total energy of neutrino flux ( 10 53 erg), as a function of collapsing star mass.
10% of variation in gravitational binding energy converted to the energy of produced neutrinos, we obtain fluxes of 10 MeV electron-neutrinos and GeV electron and muon neutrinos. In addition, we compute the ratio (< 1) of total muon neutrino number to the total electron neutrino number at the source and at the Earth considering neutrino oscillations. We approximately obtain the number of GeV antineutrino events ( 1) in an ordinary detector such as Kamiokande and total energy of neutrino flux ( 10 53 erg), as a function of collapsing star mass. 
I. INTRODUCTION
When the most of nuclear fuel of a star has been consumed, there is nothing that resists against the inward gravitational pressure and collapse occurs. At the end of gravitational collapse will born a compact star which can be white dwarf, neutron star or black hole.
In white dwarf degenerate Fermi gas of electrons supplies the equilibrium pressure and in the neutron stars they are supported by pressure of degenerate Fermi gas of neutrons. The collapse and supernova phase is thought to be accompanied by the most energetic neutrino burst as a neutron star or black hole is formed [1] , see reviews [2] [3] [4] . This picture has been confirmed since the neutrino burst with mean energy of about 10 MeV [1] , known as SN1987A, was detected by both the Kamiokande-II [5] and the IMB [6] water Cerenkov detectors. In SN1987A a neutron star, whose mass is about 1.4 M ⊙ , formed [7, 8] . However, stars with the mass M ≥ 3.2 M ⊙ gravitationally collapse to black holes [9] . Recently [10] , numerical simulations for the merger of binary neutron stars are performed incorporating a finite-temperature, Shen's, equation of state and neutrino cooling effect. They showed that for such system a hypermassive neutron star results and black hole is not promptly formed after the onset of the merger as long as the total mass of the system is smaller than 3.2 M ⊙ . The neutrino luminosity of the hypermassive neutron star was shown to be ∼ (3 − 10) × 10 53 erg/s. As opposed to the thermal 10 MeV neutrinos, astrophysical objects like supernova core collapses [11, 12] supernova remnants [13] , magnetars [14] , neutron stars and pulsars [15, 16] can produce high-energy (≥ 1 GeV) neutrinos, see reviews [17] [18] [19] . The production mechanism of high-energy neutrinos is the decay chain of charged pions and muons π − → µ +ν µ → e +ν µ + ν µ +ν e , π + → µ + + ν µ → e + +ν µ + ν µ + ν e ,
these pions are produced by accelerated protons [20, 21] to high energies in the system via the photon-hadron interactions [22] and inelastic hadronic processes [23] p + γ → ∆ + → n + π + ,
p + p → p + n + π + ,
where γ is the target photon. The most dominant channel for pion production in Eq. (2) is near the ∆ resonance [22] . Kilometer-scale neutrino detectors such as IceCube are constructed to observe these high-energy neutrinos [24] .
In this work we study another source of high-energy neutrinos from gravitationally collapsing stars to black holes. We compute number and mean energy of produced neutrinos in collapsing stars to black holes. To compute these quantities one has to solve rate equations which incorporate both, macroscopic hydrodynamic gravitational collapse process effects and microscopic particle interactions which produce neutrinos. However, time scale of particle interactions is much shorter than time scale of collapsing processes. As a result, gravitational collapse processes can be considered adiabatic in comparison with particle interaction processes. Based on these argumentations, we divide collapse process into infinitesimal steps where in each step the system is in its thermodynamic equilibrium state, which we call the adiabatic approximation [25] . In addition to these thermodynamic equilibrium equations there are conserved quantities, which are total electric charge number, total baryon number and total lepton number of each flavor [26] . We consider the collapsing star as a complete degenerate Fermi gas of neutrons, protons and electrons because the temperature is much smaller than their Fermi energies [26, 27] . Solving equilibrium equations analytically, we obtain the number of each spices of particles as a function of collapsing star density. When collapse proceeds density of star reaches to the amount that muon then pion can be produced in the system. As a result, in addition to the electron neutrinos which are already produced by β-processes, in companion to the muon production, muon neutrinos are produced. Using number of produced neutrinos and assumption of 10% [28] of gravitational binding energy converted to the energy of produced neutrinos, we compute the mean energy of neutrinos.
We study neutrino oscillation effects on the primary flux, and compute the number of antineutrino events in an ordinary detector such as Kamiokande. The total energy of neutrino flux is another relevant quantity to observations and we compute it in this article.
The paper is organized as follows: In Sec. II, we solve equilibrium equations and obtain number of each species of particles as a function of star density. In Sec. III, number of produced neutrinos is computed. In Sec. IV, we compute mean energy of produced neutrinos.
In Sec. V, we compute the ratio of total muon neutrinos to the total electron neutrinos at the source and at the Earth, considering neutrino oscillation effects; and the number of antineutrino events in an ordinary detector such as Kamiokande obtained, as well as total energy of neutrino flux. Finally in the last section we summery and discuss the results.
II. EQUILIBRIUM STATES
In this paper, we approximately consider compact stars, white dwarf and neutron stars, as a complete degenerate Fermi gas of neutrons, protons and electrons for the reason that the temperature is much smaller than their Fermi energies. In equilibrium state, each reaction between particles is balanced by its inverse reaction and leads to the chemical equilibrium condition [26, 27] i=particles
where µ i is the chemical potential of the particle-i, and Y i = n i /n B is the concentration of the i-species of particle with respect to the baryon number density n B such that n i is the number density of the particle-i. Therefore in equilibrium state the concentrations of the particles are not independent of each other, they are governed by the chemical equilibrium condition (4) . In addition, total electric charge number, total baryon number A and total lepton number of each flavor, must be conserved. Suppose that high-energy neutrinos are allowed to escape from the system, neutrino number densities and consequently their Fermi energies can be approximately set to zero in Eq. (4) for equilibrium state. Equation (4), total charge and baryon number conservations, are sufficiently determine all numbers of particles in equilibrium states.
A. β-processes
In the density region above the white dwarf density ρ wd = 8.73 × 10 −8 ρ nuc , where the nuclear density is ρ nuc = 2.8 × 10 14 gr cm −3 , electrons are ultra relativistic and have enough energy to overcome the threshold
then inverse β-decay reaction
can proceed. In equilibrium state, the inverse β-decay reaction is balanced by its back reaction i.e., β-decay reaction n → e + p +ν e .
Variations of particle numbers due to the reactions (6) and (7) respectively are given by
where N i ; i = n, p, e, ν e andν e , respectively are total numbers of neutrons, protons, electrons, electron-neutrinos and electron-antineutrinos. Thus the chemical equilibrium condition (4) requires following relation between chemical potentials of particles
For a complete degenerate system at zero temperature T , chemical potentials
F,i , and Fermi momentum p F,i are known as functions of particle number densities n i ,
where we adopt the approximation for spatial homogeneity and the numerical coefficient ξ = 0.173. Total charge neutrality and conservation of total baryon number respectively are given by
We obtain the solutions N p , N e and N n to Eqs. (10), (12) and (13)
such that in obtaining Eq. (14), only leading order terms i.e., (N p /A) 2/3 are taking into account and higher order terms are neglected. Similar formulas to Solutions (14)- (16) can be found in [26, 27] . Solutions (14)- (16) completely determine the numbers of protons, electrons and neutrons as a function of the density ρ of compact stars. In Fig. 1 compositions of compact stars at the density ρ. As shown in this figure, there are two main phases for neutrino productions by β-processes. In the first phase, A/N p increases, through the inverse β-decay reaction (6) electrons and protons having been converted into neutrons and electron-neutrinos, the later escape from compact star. The ratio A/N p reaches a maximum when the density reaches to the value
which is called the transition density [26, 27] . In the second phase beyond the transition density (17) the ratio A/N p decreases monotonically, through β-decay reaction (7) neutrons having been converted into protons, electrons and electron-antineutrinos escaping from compact star. We assume this second phase to end at the density at which other processes become important.
B. Production of muons
When the stellar density ρ reaches to the value ρ µ ≡ 2.7 ρ nuc , the Fermi energy of electrons exceeds the muon mass, i.e., E F,e ≥ m µ , then it is energetically favorable for electrons to turns into muons via e +ν e → µ +ν µ .
And muons can decay to electrons
so that muons and electrons are in equilibrium [26] . The variations of particle numbers due to the reactions (18) and (19) respectively are given by
where N i ; i = µ, ν µ andν µ , respectively are total number of muons, muon-neutrinos and muon-antineutrinos. The chemical equilibrium condition (4) gives the β-equilibrium condition (10) and the following relation between chemical potentials of electrons and muons [26] µ e = µ µ .
The conservations of total baryon numbers (13) and total charge neutrality lead to
In terms of the particle densities, Eqs. (10), (13), (22) and (23) form a sufficient set of equations to solve for finding particle numbers as a function of the stellar density. We obtain the solutions for the numbers of electrons, muons, protons and neutrons as functions of the stellar density ρ such that in obtaining Eq. (24), only leading order terms i.e., (N e /A) 2/3 are taking into account and the muon number N µ are neglected in compared to the electron number N e .
We plot the ratio A/N p in Fig. 2 , and find it decreases faster than what is predicted by β-processes due to muon production.
C. Production of pions
If one ignores the effects of the strong interactions between pions and nucleons, the criterion for the formation of negatively charged pions in a compact star via the reaction
is given by [26] 
At low temperature T ≈ 0, produced pions have approximately zero kinetic energy thus their chemical potential is close to the pion rest mass µ π ≈ m π , that determines the pion production threshold at the density ρ π ≡ 4.6 ρ nuc . In equilibrium sate, produced pion can decay to muon which balanced by its back reaction
hence chemical equilibrium condition (4) requires
The chemical equilibrium condition leads to Eqs. (29) and (31), which are accompanied by the β-equilibrium (10) and electron and muon equilibrium (22) . As a usual in addition to the baryon number conservation (13), charge neutrality leads to
where N π is the number of produced pions (π − ). By using expressions of chemical potentials in terms of particle densities, and solving Eqs. (10), (13), (22), (29), (31) and (32), we obtain solutions for the numbers of electrons, muons, protons, neutrons and pions as a function of the stellar density ρ N e (ρ) = Aξ
such that in obtaining Eq. (35), only leading order terms i.e., (N p /A) 2/3 are taking into account and higher order terms are neglected. In Fig. 3 , we plot the radio A/N p in this region ρ ≥ ρ π , and find the production of negatively charged pions causes a faster decreasing of this ratio, comparing to the result obtained from β-processes and muon production. 
III. NEUTRINO PRODUCTION IN GRAVITATIONAL COLLAPSES
Stellar core density increases during gravitational collapses. As studied in the Sec. II particle numbers N n,p,e,µ,π are functions of the stellar core density ρ, thus change in collapses.
These variations of particle numbers are due to the β-processes (6), (7) and processes of muon-production (18), (19) and pion-production (28), (30) . Because the time-scales of these microscopic processes are much shorter than the time-scale of macroscopic processes, such as gravitational collapse and hydrodynamical processes, we approximately treat gravitational collapse and other macroscopic processes as adiabatic processes. Namely, gravitational collapse process can be divided into infinitesimal steps and at each step the system can be considered in its equilibrium state. Hence the results of the Sec. II are applicable at each step of gravitational collapse.
Let M be the mass of collapsing stars. When M ≥ 3.2 M ⊙ , black holes are formed at the Schwarzschild radius R s = 2GM of the star [29] , where G is gravitational constant. This indicates a maximal density ρ s ≡ M/( three cases
, the density thresholds ρ µ and ρ π of both muon and pion productions can be reached; 2. 3.9 M ⊙ ≤ M ≤ 4.9 M ⊙ , only density threshold ρ µ of muon production can be reached;
3. M ≥ 5 M ⊙ the density thresholds ρ µ and ρ π of both muon and pion productions cannot be reached.
According to these three cases and the density thresholds discussed in the Sec. II, we are ready to calculate the numbers of neutrino produced in different phases.
A. Phase a
In the phase a from white dwarf density ρ wd to the transition density ρ T (17), Eq. (8) gives dN νe = −dN e , thus the number of produced electron-neutrinos is where numbers of electrons, protons and neutrons are
at the white dwarf density ρ wd , and Fig. 1 shows
at the transition density ρ T .
B. Phase b
The phase b of neutrino production begins from the transition density ρ T to the density threshold ρ µ for cases 1 and 2, and to the maximal density ρ s for case 3. The number of produced electron-antineutrinos, due to the β-decay reaction (7), is equal to the variation of electron number dNν e = dN e shown in Eq. (9). In cases 1 and 2, we obtain the total number of produced electron-antineutrinos where N e (ρ µ ) is given by Eq. (24) . In case 3, we obtain
where N e (ρ s ) is given by Eq. (15). In Fig. 5 , we plot Eqs. (41) and (42), which shows Nν e increases for cases 1 and 2, and decreases as collapsing mass M increases for case 3.
C. Phase c
The phase c of neutrino production begins from muon production density ρ µ to the density threshold ρ π for cases 1, and to the maximal density ρ s for case 2. In this phase in addition to the β-processes, reactions (18) and (19) contribute to neutrino productions. Total number variations of electrons and muons, given by Eqs. (24) and (25) , are equal to the number of produced electron and muon antineutrinos, i.e., dNν e = dN e and dNν µ = dN µ , due to the conservations of electron and muon flavor numbers. In case 1, we obtain the numbers of produced electron-antineutrinos Nν e and muon-antineutrinos Nν µ where we use Eqs. (24) and (25) . In case 2, we obtain the number of produced electron and muon antineutrinos
where N e (ρ s ) and N µ (ρ s ) are given by Eqs. (24) and (25) . The results (43)-(46) are plotted in Fig. 6 , which shows the numbers Nν e and Nν µ increase for case 1 and decrease as collapsing star mass M increases for case 2.
The Phase d of neutrino production begins from the threshold density ρ π for pion production and ends to the maximal density ρ s . This phase can only be reached in case 1. Equations (33) and (34) show that by increasing the density ρ, electron number N e and muon number N µ decrease. Therefore electron and muon neutrinos are produced, dN νe = −dN e and dN νµ = −dN µ , and the total numbers are
which are plotted by Fig. 7 , we find the number of neutrino productions are decreasing functions of collapsing star mass M.
IV. MEAN ENERGY OF NEUTRINOS
The gravitational energy of stellar core with mass M and radius R is given by
where M(r) ≡ r 0 4πr ′2 ρ(r ′ )dr ′ [27] . Assuming uniform density ρ = M/( 4 3 πR 3 ), we have
During collapses from radius R to R − dR, the variation of gravitational energy is converted to the kinetic energy and internal energy of the particles.
To compute the mean energy E ν of emitted neutrinos, we assume 10% of total variation of gravitational energy dU converted to the energy of produced neutrinos [28] . Suppose that N ν neutrinos are emitted in gravitational collapse process from the radius R i to the radius R f , observed mean energy of neutrinos can be calculated by
where Z is the gravitational red shift factor
Using Eqs. (51)-(53) and the number of produced neutrinos in each phases discussed in the Sec. III, we obtain mean energies of neutrinos. In the phase a, the mean energy of produced N νe , see Eq. (38), electron-neutrinos is given by
where R wd is the radius at which the collapsing core density ρ is equal to the white dwarf density ρ wd , and R T is the radius at which the density reaches to the transition density ρ T , see Eq. (17). We plot this result (54) in Fig. 8 , and find the neutrino mean energy is about 10 MeV, which is in agreement with neutrino energy observed in supernova explosions. In the phase b, the mean energy of produced electron-antineutrinos for cases 1 and 2 is given by
where Nν e is calculated by Eq. (41) and R µ is a radius at which the density ρ reaches to ρ µ .
Whereas for case 3, Eq. (55) becomes
where Nν e is calculated by Eq. (42). The results (55) and (56) are shown in Fig. 9 . Compared with results in the first phase, the electron-antineutrino mean energy about GeV is larger than the electron-neutrino mean energy, because in this phase the variation of gravitational energy is larger and the number of produced neutrino is smaller, see Fig. 5 and Eq. (38).
In the phase c, the mean energy of produced electron-antineutrinos and muon-antineutrinos for case 1 is given by where R π is the radius at which the density ρ reaches ρ π , neutrino numbers Nν e and Nν µ are respectively given by Eqs. (43) 
and (44). Whereas for case 2 Eq. (57) becomes
Eν e,νµ = 0.1
where neutrino numbers Nν e and Nν µ are respectively given by Eqs. (45) and (46). The results (57) and (58) are shown in Fig. 10 . In the phase d, the mean energy of produced electron-neutrinos and muon-neutrinos is given by
where the neutrino numbers N νe and N νµ are respectively given by Eqs. (47) and (48). The result (59) is shown in Fig. 11 . We find that the mean energy neutrinos produced via muon and pion productions is about GeV, see Figs. 10 and 11. We also calculate the mean energy of total produced neutrinos throughout phases a, b, c and d
where the superscripts show the related neutrino production phases. The result (60) is shown in Fig. 12 , and we find neutrino mean energy is about 90 MeV, which is larger than neutrino mean energy 10 MeV in supernova explosion. This is due to more gravitational energy converted to neutrino energy when stars gravitationally collapse to black holes.
V. OSCILLATION AND DETECTION OF NEUTRINOS
There are several observations, see [30] and references there in, indicate that neutrino has mass. Thus a neutrino with flavor ℓ is a superposition of the physical fields ν α with different
where U is unitary matrix which signifies neutrino mixing [31] . By considering a simpleminded approach to the propagation of this state, one can assume that the three-momentum p of the different components in the neutrino beam are the same. However, since their masses are different, the energies of all these components cannot be equal, and given by
In the situation that we are studying, neutrinos are extremely relativistic, so that we can approximate the energy-momentum relation as E α ≃ | p| + m time t, or distance L, the evolution of the initial beam of Eq. (61) gives
Thus the probability of finding a ν ℓ ′ in the original ν ℓ beam, at any distance L, is
where we use the notation | p| = E and
In writing Eq. (63) CP-conservation has been assumed when the mixing matrix U is real [31] . For three generations, the most general mixing matrix ignoring CP violation is given 
where c ij = cos θ ij and s ij = sin θ ij . Analysis of the most recent data [32] on the oscillation parameters indicate that sin 2 (2θ 12 ) = 0.87 ± 0.03, ∆m
using these data, we chose
For the mass squared differences ∆m 2 , which are given in Eq. (66), energy dependent terms in the probability expression (63), even for high-energy neutrinos (E ν ≥ 1 GeV) traveling on cosmologically scales L ∼ Mpc, are very fast oscillating functions and can be averaged to 
where these numbers can be read from Eqs. (41)-(48). However oscillation change these numbers, namely produce tau neutrinos which are absent in the primary flux. Using Eqs. (63)-(68) after considering neutrino oscillations, the numbers (69) and (70) become
Because water Cherenkov detectors, such as Kamiokande, can distinguish electrons from muons but cannot distinguish particles from anti-particles [30] , it is useful to investigate, the ratio of the total produced muon neutrinos N µ to the total produced electron neutrinos N e i.e.,
Using Eqs. (71) and (72) after considering neutrino oscillations the quantity φ becomes
which shows if φ = 2, regardless value of mixing angle θ, flux becomes homogenous i.e., 
Here we compute number of GeV antineutrino events, because we are interested in high- Another important information is the total energy of neutrino flux. Total energy of 10 MeV electron-neutrinos flux produced in phase a is
where N νe and E νe are respectively given by Eq. (38) and shown in Fig. 8 . Total energy of GeV electron and muon neutrinos fluxes produced in phases b, c and d is
where N of emitted neutrinos ǫ 10 53 erg, depending on collapsing star mass. The total energy of flux presented in Fig. 15 can be relevant for observations.
VI. SUMMARY AND REMARKS
In this article, we present a preliminary study of neutrino productions in gravitational collapse of stellar cores. For this propose we consider the collapsing star as a completely degenerate Fermi gas of neutrons, protons and electrons, because temperature is much smaller than their Fermi energies. To compute neutrino numbers and mean energies one has to solve rate equations, which incorporate both macroscopic hydrodynamic collapsing processes and microscopic particle interactions. However, time scale of macroscopic collapsing processes are much larger than time scale of microscopic particle interactions, as a result collapse can be divided into infinitesimal steps so that at each step the system is in equilibrium state which is given by Eq. reach to the density thresholds ρ µ and ρ π of both muon and pion productions. Case 2: stars with the mass 3.9 M ⊙ ≤ M ≤ 4.9 M ⊙ can only reach to the density threshold ρ µ of muon production. Case 3: stars with the mass M ≥ 5 M ⊙ cannot reach to the density thresholds ρ µ and ρ π of both muon and pion productions. According to these density thresholds there are four phases for neutrino production. The phase a begins from white dwarf density ρ wd to the transition density ρ T = 2.8 × 10 −3 ρ nuc (17) . In this phase, via the inverse β-decay reaction (6) electrons and protons having been converted to the neutrons and electron-neutrinos.
The Number of these neutrinos is given by Eq. (38). The phase b begins from the transition density ρ T to the muon production density threshold ρ µ for cases 1 and 2, and for case 3
to the maximal density ρ s . In this phase, via β-decay reaction (7) neutrons are converted into protons, electrons and electron-antineutrinos. The number of these antineutrinos is shown in Fig. (5) . The phase c begins from the muon production density threshold ρ µ to the pion production density threshold ρ π for case 1 and for case 2 to the maximal density ρ s . In this phase, in addition to the β-processes (6) and (7), through reactions (18) We have to point out that in this approach it is not possible to determine production of neutrinos and antineutrinos via the neutral current interaction, for example NNbremsstrahlung reaction NN → NN + νν [33] . In addition, an other important assumption in this approach is that as soon as produced, all neutrinos escape away from collapsing stars.
By using this assumption, we are able to approximately solve algebraic equations of equilibrium conditions and conservations of particle numbers. In fact, some neutrinos are trapped and participate interactions inside collapsing star before they escape away from collapsing stars, for instance, reactions (18) and (30) . This assumption is on the basis of the chemical potential of trapped neutrinos being smaller than the chemical potential of electrons and muons. If the effects of neutrinos trapped are considered, the number and energy of neutrino emission should be smaller than estimates given in this article. Our results should be considered as approximate estimations and further numerical calculations are necessary.
Nevertheless, the approximate results presented in this article give some physical insight
